Percutaneous thermal ablation is a minimally-invasive treatment option for renal cancer. To treat larger tumours, multiple overlapping ablations zones are required. Arrangements with a low number of ablation zones but coverage of the whole tumour volume are challenging to find for physicians. In this work, an open-source software tool with a new planning approach based on the automatic selection from a large number of randomized geometrical arrangements is presented. Two uncertainty parameters are introduced to account for tissue shrinking and tolerance of non-ablated tumour volume. For seven clinical renal T1a, T1b and T2a tumours, ablation plans were proposed by the software. All proposals are comparable to manual plans of an experienced physician with regard to the number of required ablation zones.
Introduction
More than 14.000 patients are diagnosed with renal cancer per year in Germany. Besides surgical treatment, percutaneous ablation was established as a minimally-invasive alternative [1] . Therefore, a needle-shaped ablation probe is inserted into the affected tissue, commonly under computed-tomography (CT) or magnetic resonance imaging (MRI) guidance. The tumour is then destroyed thermically, e.g., by using radiofrequency or microwaves. The whole tumour must be ablated for a successful treatment. Researchers proposed methods to estimate the treated area of ablations [2, 3] . For example, vessel information from preoperative data can be used to compute cooling effects [4] , but segmenting a vessel tree often is too cumbersome in clinical routine. Instead, physicians commonly estimate a spherical or elliptical shape of a single ablation, referred to as ablation arXiv:1912.09966v1 [physics.med-ph] 19 Dec 2019 zone. These shapes are given by manufacturers for their probes depending on the ablation duration and the applied power. Usually, a security margin around the tumour is ablated to account -among other things -for uncertainties in the estimation of ablation zones. If a small tumour can be completely covered by a single ablation, the probe is inserted to the center. For larger tumours, e.g. with a maximum diameter of 4 cm (T1a for renal tumours) or 7 cm (T1b), multiple overlapping ablations zones (MOAZs) are required. Manually finding a geometric distribution that covers the whole volume in 3D with a small number of ablation zones is challenging. Algorithms for planning MOAZs can use ideal geometric combinations of spheres to fully cover a volume [5, 6] . However, this leads to relatively high numbers of ablations for larger tumours. Planning MOAZs can also be treated as an optimization problem, as proposed by Ren et al., who used a branch and bound algorithm to solve planning tasks for tumours with diameters of 2.5 cm and 3.5 cm simulated in a porcine model [7] .
In this work we present an open-source software tool for a planning approach based on the automatic selection from a large number of randomized geometrical arrangements under consideration of uncertainty parameters that can be adjusted to get plans with an acceptable number of ablations. It was evaluated on renal tumours in comparison to manual plans of a physician.
Materials and Methods
For automated planning of MOAZs, the following workflow steps are proposed: (I) segmentation of the tumour in preoperative images, (II) definition of safety margin, (III) definition of diameter for spherical ablation zones, (IV) definition of uncertainty parameters for ablation zone placement, (V) definition of a model for geometrical distribution and (VI) computation of MOAZs.
Segmentation of the tumour in step I was performed manually using the Medical Imaging Interaction Toolkit (MITK) [8] . In the following, the uncertainty parameters for step IV are described and a model based on the automatic selection from a large number of randomized geometrical arrangements for step V is presented. Finally, the open-source implementation and experiments including example parameters for step II and III are explained.
Definition of uncertainty parameters
Estimating the ablated tissue volume during a thermal ablation is usually subject to uncertainties such as tissue shrinkage after ablations [9] or other effects. Due to their experience, physicians account for these uncertainties by adapting their manual ablation plans during conventional treatment. This includes adaptation of the ablation diameter because reference values are given for the state after tissue shrinking and also tolerance of small areas of tumour tissue which is not directly treated. To account for this during automated planning, two Ulm-Heidelberg-Uncertainty-parameters (UHUs) are proposed: 
Approach for planning overlapping ablation zones
The proposed approach is shown in Fig. 1 . For initialization, a safety margin (in mm) is added to the tumour segmentation which increases the area to be ablated to volume V. The ablation zone diameter represents the maximum reachable diameter of a single ablation. It is increased by the factor given from UHU-2 resulting in the planning zone diameter D. Further, the number of iterations N and the number of zone candidates M are defined. A single random proposal is created by adding new zones as long as V is not covered with respect to UHU-1. A new zone is selected from M candidates according to zone selection criteria which can include coverage of new tumour volume and percentage of overlap with other zones or non-tumour tissue. If enough zones are found, the proposal is optimized by moving zones that overlap to non-tumour tissue too much towards the center of the tumour, removing zones that overlap too much with other zones and/or decreasing the diameter of single ablations if possible without loosing coverage of V.
After iteratively adding N proposals to a list, the best proposal P is selected according to the proposal selection criteria. The most important criterion typically is a low number of required ablation zones.
Open-source implementation
An open-source plugin for MITK was implemented to test the approach. It supports selecting a segmentation and adding a safety margin. The parameters N, UHU-1, UHU-2 and the zone diameter can be defined before a planning proposal is computed. The other parameters and criteria are fixed in the implementation: Parameter M is set to 1 for the starting zone and to 5 for all following zones. The overlap of a zone and V is used as zone selection criterion, while always the zone with the highest overlap is chosen. The proposal with the lowest number of required ablations is selected as best proposal.
In the optimization step for each proposal, zones that overlap more than 30% into tissue outside V are moved towards the center of the tumour until less than 30% are outside. Afterwards, ablation zones are reduced in diameter and/or ablation zones are removed if possible without loosing coverage of V. For the final proposal P, ablation spheres are visualized and statistical data is reported, including the number of ablation zones, the tumour volume with and without safety margin and the ablated volume. Fig. 2 shows a screenshot of the plugin and a computed planning proposal.
Experiments
For the two experiments, CT data of renal tumours from four publicly available datasets (C3N-00312, C3N-00305, C3N-00491 and TCGA-KM-8442 from collections CPTAC-CCRCC and TCGA-KICH, http://www.cancerimagingarchive.net) and three anonymized clinical cases from the University Hospital Heidelberg and Stuttgart were used. A zone diameter of 3 cm was chosen which is a typical maximum diameter of spherical ablation zones, e.g. of the Emprint Ablation System (Medtronic plc., Dublin, Ireland) for renal ablations (75 watts / 5:30 minutes duration). 50 iterations were chosen because this leads to acceptable computational time of less than 5 minutes for T1a an T1b tumours and reproducible results concerning the number of required zones. All tumours were manually segmented using existing MITK plugins [8] and a safety margin of 5 mm was added.
In experiment 1, a 50 mm T1b tumour (C3N-00305) was used to test the influence of UHU-1 and UHU-2 to the planning proposals. The parameters were chosen as follows: UHU-1: 0/3/6/10/20%; UHU-2: 0/10/20/30%. For each parameter configuration, three ablation plans were automatically proposed by the software prototype. The plans were evaluated regarding the number of ablation zones and also manually examined concerning a meaningful zone distribution.
In experiment 2, all seven datasets were used to compare the automated planning proposals with manual plans of an experienced physician. For each tumour, three automated planning proposals were computed with UHU-1 of 3% and UHU-2 of 20%. The number of required ablations is reported for each automated planning proposal as well as for the independent manual plan. Table 1 . Number of ablation zones (Ø:30 mm) of a manual plan of an experienced physician and three automatic proposals (UHU-1: 3%; UHU-2: 20%)
Results
An installer of the software prototype will be provided in the Open Science Framework (page https://osf.io/r7f5d/) together with segmentations of the four publicly available data sets upon publication of this work. For the T1a and T1b tumours, automatic planning required up to 5 minutes (PC: core i7, 24 GB Ram). The T2b tumour required around 60 minutes. For data set C3N-00305 with varying UHU-1 and UHU-2, the number of required MOAZs ranged from 2 ± 0 (µ ± σ, n=3, UHU-1:20%, UHU-2:30%) to 11 ± 0 (n=3, UHU-1:0%, UHU-2:0%). Manually examining the ablation plans, we found that too high uncertainty lead to plans that don't cover the whole tumour while low or no uncertainty leads to a too large number of ablations. Parameters of UHU-1:3% and UHU-2:20% lead to 5 ± 0 (n=3) MOAZs, which a physician confirmed to be a good trade-off for a realistic ablation plan.
The amount of required MOAZs for different tumours are shown in Table 1. Manual plans of an experienced physician required 5/5/7 (T1a tumours), 8/10/14 (T1b) and 18 (T2a) zones, while the automatic planning with UHU-1: 3% and UHU-2: 20% lead to 5.7/7.0/6.7 (T1a), 4.7,13.0,13.7 (T1b) and 21.0 (T2a) zones on average (n=3).
Discussion
The experiments confirmed, that planning MOAZs based on an automatic selection from a large number of randomized geometrical arrangements and uncertainty parameters is feasible in acceptable time for T1a and T1b tumours (less than 5 minutes). Testing the software prototype with seven clinical data sets lead to results comparable to manual plans of a physician (c.f. Table 1 ). The software was able to propose a plan for a T2a tumour, while computational time raised to around 60 minutes. Such large tumours are usually not treated with ablation therapy because it would require too much time to perform 20 or more ablations. However, ongoing studies show that even this is feasible [10] .
In a first try, we implemented a model based on an ideal grid of overlapping spheres, similar to Yang et al. (c.f. Fig. 6 in [6] ). Looking at the results, we found a too large number of required MOAZs in all cases (e.g., over 20 for C3N-00491).
Our approach incorporates uncertainty parameters that are subject to ongoing clinical research [9] . It needs to be shown, that a certain parameter set, such as 20% of tissue shrinking and 3% tolerance of non-ablated tumour volume as proposed in this work, leads to clinical acceptable outcome. A first step in this direction might be an ex-vivo or in-vivo animal study. Further, only spherical MOAZs are supported so far. While this might be sufficient for some ablation probes, future work includes an extension to elliptical ablation zones.
To improve computational time, it is planned to parallelize the implementation of the approach shown in Fig. 1 which is expected to be straight-forward, because the creation of N proposals can be done in parallel. It remains to be discussed if an algorithm highly based on random components would be acceptable in clinics, which leads to general ethical questions that also raise up for other more advanced methods, such as machine learning.
